Introduction
============

Systemic delivery of potent and hydrophobic drugs remains challenging due to the solubility and toxicity profile associated with such molecules [@B2]-[@B4]. One such drug, sirolimus is the clinical formulation of rapamycin (Rapa), which is indicated as an oral immunosuppressive for renal allograft rejection [@B5]-[@B7] and orphan Lymphangioleiomyomatosis [@B8], [@B9]. Despite approval for these treatments, Rapa has low solubility [@B10] and poor bioavailability [@B11], [@B12] accompanied with dose-limiting side effects such as pulmonary- and nephro-toxicity [@B13], [@B14], which limits its clinical potential. With the discovery that the mammalian target of rapamycin complex 1 (mTORC1) is inhibited in tumor cells by a complex between Rapa and the FK-506 binding protein 12 (FKBP), Rapa and its structural analogs were developed to treat cancer [@B15]. However, due to poor oral bioavailability and grade 3-4 adverse events such as skin rashes, anemia, and stomatitis, maintenance of rapalogue therapy remains a challenge [@B12], [@B16]-[@B18]. Earlier attempts have been made to solubilize and formulate Rapa using organic solvents and emulsions [@B19]-[@B21]; however, there have been side effects reported with the vehicle composition [@B22], [@B23]. With the goals of improving the solubility and toxicity profile of Rapa, we recently reported high efficiency drug loading and toxicity-free *in vivo* efficacy through a recombinant fusion between its native protein receptor, FKBP, and an elastin-like polypeptide (ELP) nanoparticle (FSI) [@B24], [@B25].

ELPs are genetically-encoded protein polymers derived from human tropoelastin [@B26] with the amino acid sequence (Val-Pro-Gly-Xaa-Gly)*~n~* where Xaa represents the guest residue and *n* represents the number of pentameric repeats. ELPs reversibly phase separate above an inverse transition temperature (*T~t~*), which can drive assembly of fused peptides [@B27], [@B28]. They make attractive scaffolds for drug delivery applications because they are biodegradable, can be genetically fused with different protein domains, peptides, or therapeutics, and can be purified from prokaryotic systems without chemical synthesis [@B29]. In our previous report, FKBP was attached to an amphiphilic ELP diblock copolymer (SI) comprised of a hydrophilic ELP at the amino terminus (Xaa = Ser, *n* = 48 repeats) followed by a hydrophobic ELP (Xaa = Ile, *n* = 48 repeats) (**Table [1](#T1){ref-type="table"}**). Known as FSI, this fusion protein was purified from *E. coli*, loaded with Rapa, and evaluated for efficacy using the MDA-MB-468 tumor xenograft model [@B24]. MDA-MB-468 are triple negative breast cancer cells (TNBCs) lacking estrogen, progesterone and HER2+ receptors [@B30]. In addition, these cells are devoid of PTEN phosphatase, which results in extensive phosphorylation of AKT kinase and highly active mTORC1 signaling [@B31], [@B32]. FSI loaded with Rapa not only improved the solubility of the drug but was also efficacious in suppressing tumor growth when injected intravenously (IV), without the significant systemic toxicity that was observed with free drug treatment [@B24].

Although FSI-Rapa is efficacious after IV administration, it remained unknown whether the assembly of a nanoparticle was advantageous for subcutaneous (SC) administration. Furthermore, this article explores how the ELP architecture influences the carrier\'s bio-distribution and toxicity via SC administration. To examine this relationship, this manuscript presents two new second generation carriers designed for enhanced systemic circulation with a comparatively higher molecular weight and a smaller hydrodynamic radius. A new FKBP-ELP carrier was synthesized (FA) by attaching FKBP at the amino terminus of A192 ELP (Xaa = Ala, *n* = 192 repeats) that remains soluble at physiological temperature. To compare the effect of FKBP valency on drug binding and release, a carrier with two-headed \'Berunda\' architecture (FAF) was also synthesized with FKBP domains attached at both the amino and carboxy termini of A192 ELP. With a MW of 73.5 kDa, the backbone ELP A192 was selected due to its favorable biodistribution in orthotopic breast tumors implanted in nude mice when compared to relatively short ELPs or nanoparticle ELPs [@B33]. The nomenclature, amino acid sequence and physicochemical properties of all the FKBP-ELP carriers evaluated in this manuscript are shown in **Table [1](#T1){ref-type="table"}.** Unlike FSI, FA and FAF are not amphiphilic and remain soluble at physiological temperatures. These carriers were compared for binding thermodynamics, drug retention and stability, *in vivo* efficacy and bio-distribution in a human breast tumor xenograft model (**Figure [1](#F1){ref-type="fig"}**).

Formulating rapalogues for systemic delivery free of adverse effects remains a challenge [@B12], [@B16]-[@B18]. To address these challenges, multiple materials have been proposed as advanced drug carriers in cancer models such as poly(lactide-co-glycolide) nanoparticles [@B34], polyethyleneglycol-*block*-poly(ɛ-caprolactone) nanoparticles [@B35], albumin-bound nanoparticles [@B36] and multi-drug loaded \'triolimus\' micelles [@B37]. Compared to these formulations, the carriers evaluated in this manuscript differ in two fundamental ways. First, while other carriers non-specifically carry the drug in a hydrophobic nanoparticle core or albumin pocket, FKBP-ELP carriers employ Rapa\'s biological receptor, which has the high specificity/affinity binding necessary to retain the drug for long durations in the body. Secondly, both FKBP and ELP are biodegradable and biocompatible polypeptides that can be produced at high yield and purity through scalable bacterial fermentation. These FKBP-ELP nanoformulations solubilize the drug free of any excipients or organic solvents, thereby eliminating injection site toxicity, which occurs with the free drug formulated using standard emulsions, such as Cremophor-EL. Among the carriers examined herein, FAF performs with the best combination of high drug loading, long drug retention, and particle size stability. While facilitating SC administration of Rapa, FAF further augments tumor accumulation and suppresses tumor growth.

Results and Discussion
======================

Rapa is a highly potent drug with an unfavorable toxicity profile. While its cytostatic activity prevents growth of some tumors, its application in human cancer treatment has been limited by poor bioavailability, rapid clearance, and severe toxicity. Aiming to synthesize a viable and safer Rapa formulation, we recently reported an ELP-based nanoparticle drug carrier (FSI) that suppresses tumor growth *in vitro* and *in vivo* following IV administration with reduced side effects [@B24]. To elucidate the implications of the ELP architecture on the formulation stability and bio-distribution, this manuscript compares a library of related FKBP-ELPs for binding thermodynamics, extended stability, *in vivo* efficacy and optical imaging following SC administration in a human breast cancer xenograft mouse model.

Physicochemical characterization of FKBP-ELP carriers
-----------------------------------------------------

All FKBP-ELP fusions were expressed and purified from *E. coli*. Compared to our previously reported FSI nanoparticles, the second-generation carriers FA and FAF maintain a comparatively smaller particle size at physiological temperature (**Table [1](#T1){ref-type="table"}**). SDS-PAGE was used to determine the purity (**Equation S1**) of FKBP-ELPs along with their respective ELP backbones (**Figure [2](#F2){ref-type="fig"}a**). The precise molecular weights of all the constructs were determined by analyzing samples on a MALDI-TOF mass spectrometer (**Table [1](#T1){ref-type="table"}**). Optical density measurements were used to characterize the temperature-concentration phase diagram of ELPs with and without FKBP (**Figure [2](#F2){ref-type="fig"}b**). Fusion of FKBP to ELP minimally influences the ELP phase diagram; furthermore, *T~t~* follows an inverse relationship with logarithm of the ELP concentration. Using the fit parameters (**Equation S2, Table [1](#T1){ref-type="table"}**) for FKBP-ELPs, it is possible to estimate solubility profiles of all FKBP-ELPs at physiological temperatures across concentrations relevant to therapy (1-500 μM). Based on this dataset, it can be extrapolated that FSI assembles into nanoparticles at 37 °C, while FA and FAF remain completely soluble under all concentrations. Very similar ELP phase behavior was also observed after drug loading (**Figure [2](#F2){ref-type="fig"}c**).

After studying the thermal properties of FKBP-ELPs, the hydrodynamic radii (*R~h~*) of all the constructs were evaluated over a temperature gradient using Dynamic Light Scattering (DLS) (**Figure [2](#F2){ref-type="fig"}d**). As shown in the figure, hydrodynamic radii were minimally influenced by fusing FKBP to respective ELP backbones, with SI and FSI assembling nanoparticles above a critical micelle temperature (CMT) of \~25 °C [@B24]. Unlike SI and FSI, which undergo nanoparticle assembly as previously characterized by DLS and cryo-TEM [@B24], A192, FA and FAF retain sizes similar to that of linear polymers. To better explore their conformation and solution behavior, these three soluble ELPs were further compared using Size Exclusion Chromatography - Multi Angle Light Scattering (SEC-MALS). The radius of gyration (*R~g~*) and absolute molecular weight were first obtained, and next the *R~g~*/*R~h~* ratio was used to interpret polypeptide conformation (**Figure [S1](#SM0){ref-type="supplementary-material"}**). The *R~g~* for A192, FA, and FAF were found to be 11.9 nm ± 0.9 nm, 16.4 nm ± 1.6 nm, and 13.8 nm ± 0.4 nm respectively. Thus, using *R~h~* obtained from DLS (**Table [1](#T1){ref-type="table"}**), their *R~g~*/*R~h~* ratios were 1.72, 1.95 and 1.62 respectively. *R~g~*/*R~h~* ratios ≤ 0.7 are described in literature as spherical micelles [@B38] whereas higher ratios (1.6-1.8) are exhibited by hydrated polymers (PEG, PNIPA, and PVP) with coil conformations [@B39]. This data suggests that FA and FAF do not participate in significant peptide-mediated assembly but remain solvated, and mostly retain the random coil conformation for A192. In addition to obtaining the *R~g~* values, the absolute molecular weights of A192, FA, and FAF were also determined as 74.4 kDa, 85.7 kDa, and 96.8 kDa respectively, which are remarkably consistent with values obtained using MALDI-TOF (**Table [1](#T1){ref-type="table"}**). Furthermore, stability of all FKBP-ELPs was evaluated by measuring the particle size after Rapa loading for a period of 48 h at 37 °C (**Figure [2](#F2){ref-type="fig"}e**). Over this duration, the hydrodynamic radii remained stable, which demonstrates that drug binding to FKBP does not adversely alter the stability of the FKBP domain and also suggests that the formulation prevents precipitation of the free drug.

FAF binds two Rapa per molecule with a similar affinity to FA and FSI
---------------------------------------------------------------------

To study the interaction between Rapa and FKBP-ELPs, Isothermal Titration Calorimetry (ITC) was used to evaluate binding affinity and thermodynamics. ITC is a label-free technique to evaluate a wide range of binding energetics including binding stoichiometry, enthalpy (ΔH), entropy (ΔS), Gibbs free energy (ΔG) and affinity (*K~d~*). Due to limitations on Rapa\'s aqueous solubility, reverse titrations were performed with Rapa in the calorimeter cell, which was titrated against successive injections of FKBP-ELPs. Saturable heat release was observed for all FKBP-ELPs, which suggests specific interaction between Rapa and the FKBP domain (**Figure [S2](#SM0){ref-type="supplementary-material"}**). To eliminate the possibility of non-specific interactions between Rapa and the ELP backbone, the experiment was repeated with ELPs lacking the FKBP domain where only heat of dilution was observed (**Figure [S2](#SM0){ref-type="supplementary-material"}**). ITC was performed for all FKBP-ELPs, and binding isotherms were obtained as shown in **Figure [3](#F3){ref-type="fig"}**. The data was fitted to a \'one set of sites\' binding model, which enabled estimation of binding stoichiometry and thermodynamic parameters (**Table [2](#T2){ref-type="table"}**). As observed in **Figure [3](#F3){ref-type="fig"}**, the sharp inflection in ΔH on successive injections of FKBP-ELPs occurred just before saturation when the ELP/Rapa ratio was \~1 for FSI and FA. This confirms the stoichiometry of Rapa bound to FSI and FA is \~1, each matching the number of FKBP domains. In contrast, saturation of FAF binding occurred at an ELP/Rapa ratio of \~0.5. This data confirms that both FKBP domains on FAF are functional; furthermore, FAF has twice the drug loading capacity per molecule in comparison to FSI and FA.

Using a displacement assay, FKBP-Rapa interactions have been previously reported to have a dissociation constant of 0.2 nM [@B40]. ITC of this dataset revealed a slightly higher dissociation constant of \~6 nM for all the FKBP-ELPs (**Table [2](#T2){ref-type="table"}**). The comparatively weaker *K~d~* may be attributed to fusion of ELP to FKBP or the DMSO used to dissolve Rapa in phosphate buffered saline (PBS), both of which could weaken the interaction. Other parameters obtained on fitting the binding isotherms indicated a thermodynamically favorable interaction. Binding enthalpy (ΔH) for FSI and FA were -39 kJ/mol and -58 kJ/mol respectively, indicating exothermic reactions with heat released due to non-covalent association between Rapa and respective FKBP-ELPs. The observed enthalpies of binding are similar to a published dataset that predicts -83 kJ/mol for the binding of purified bovine FKBP12 and Rapa at 37°C at pH 7.0 [@B41]. A significant change in binding enthalpy of -104 kJ/mol was observed for FAF due to the two-fold increase in binding capacity per ELP. A positive -TΔS of \~10 kJ/mol for both FSI and FA; and 54 kJ/mol was observed for FAF, which revealed an entropic cost associated with Rapa binding to FKBP-ELPs. This could be explained by transitioning of Rapa from a free, unbound state in solution to a more ordered FKBP bound state. However, previous studies have shown expulsion of bound water molecules from the hydrophobic cavity of bovine and human FKBP into bulk water on binding of rapalogues as a favorable entropic contribution [@B41], [@B42]. An overall similar negative Gibbs free energy (ΔG), which sums enthalpy and entropy contributions, suggests Rapa binding to FKBP-ELPs remains a thermodynamically favorable interaction [@B43]. Among all the FKBP-ELPs, FAF showed twice the drug binding stoichiometry and comparatively significant change in binding enthalpy and entropy, which may favor Rapa interactions over that with FSI and FA.

FA and FAF architectures extend stability and drug retention compared to FSI nanoparticles
------------------------------------------------------------------------------------------

After studying drug binding interactions, Rapa-loaded formulations were evaluated for long-term drug retention and stability by performing dialysis under PBS sink conditions at 37 °C (**Figure [4](#F4){ref-type="fig"}**). To control for the loss in FA and FAF after long-duration dialysis against a 20 kDa MWCO membrane, aliquots taken at fixed time intervals were analyzed separately for both Rapa and FKBP-ELP using calibrated RP-HPLC assays, and Rapa/ELP ratios were plotted (**Figure [4](#F4){ref-type="fig"} a-c**). At 0 h post drug loading, FSI and FA, had \~0.9 molecules of Rapa bound per ELP, whereas Berunda FAF had \~2.2 Rapa per ELP, which is consistent with the binding stoichiometry observed by ITC (**Figure [3](#F3){ref-type="fig"}**). Surprisingly, this ratio remained approximately unchanged for FAF up to one month. While measuring drug retention, formulations were simultaneously assessed for stability using DLS, and the assay was halted when the population consistent with the initial hydrodynamic radius dropped below 90% by mass (**Figure [4](#F4){ref-type="fig"} d-f**). The FSI-Rapa formulation demonstrated an initial *R~h~* of 26.6 nm ± 1.5 nm, which remained consistent until at least 14 h, after which *R~h~* increased to \~239 nm ± 137 nm. In contrast, FA-Rapa and FAF-Rapa formulations were stable throughout the length of the assay with initial *R~h~* of 6.4 nm ± 1.7 nm and 6.4 nm ± 1.6 nm respectively. Thus, FSI was stable for about one day, FA was stable for about 2 weeks, and FAF was stable for about one month. Together, these data verify that FAF is functionally bi-headed, with two FKBP domains per ELP. Furthermore, both FA and FAF formulations have greater physical stability than observed for the FSI formulation.

Rapa-loaded FKBP-ELPs are more potent in inhibiting cell proliferation compared to free Rapa *in vitro*
-------------------------------------------------------------------------------------------------------

After characterizing the phase behavior, conformation, stability, and drug binding and retention, the *in vitro* cytostatic efficacy of Rapa with and without FKBP-ELPs was evaluated on MDA-MB-468 cells. All the four groups inhibited cell proliferation in a dose-dependent manner (**Figure [5](#F5){ref-type="fig"}a**). There was no significant difference between FAF-Rapa, FA-Rapa and FSI-Rapa, which suggested that ELP architecture does not play a distinguishing role in the cellular accessibility of Rapa *in vitro.* Instead a variety of architectures of FKBP-ELP carriers (**Figure [1](#F1){ref-type="fig"}**) appear to be capable of delivering drug to the cytosol where they inhibit proliferation through intracellular mTORC1. Interestingly, all three Rapa-loaded carriers were significantly more potent than free Rapa. The concentration corresponding to a 50% suppression in proliferation, IC~50~, for FAF-Rapa, FA-Rapa, FSI-Rapa and free Rapa were found to be 0.14 nM ± 0.05 nM, 0.08 nM ± 0.00 nM, 0.3 nM ± 0.2 nM and 0.84 nM ± 0.10 nM respectively (n = 3, mean ± SD). Tukey\'s post hoc analysis revealed statistically significant differences between free Rapa and FAF-Rapa, FA-Rapa, and FSI-Rapa (α = 0.05, p = 0.002, 0.0004 and 0.028 respectively). This downward shift in the IC~50~ with respect to free Rapa suggests that the FKBP-ELPs maintain their interaction with Rapa even in complete medium. Since Rapa binds strongly to albumin (\>95%) [@B44], if the FKBP-ELPs were to rapidly release Rapa during incubation, the liberated drug might be expected to bind the great excess of bovine albumin in the medium and one would thus predict a similar IC~50~ as that observed for the free drug. Thus, the observation that the IC~50~ for FKBP-ELPs is significantly less than free Rapa is consistent with long retention (**Figure [4](#F4){ref-type="fig"}**) and high affinity interactions with the drug (**Table [2](#T2){ref-type="table"}**). To test any ELP-mediated effect on this assay, the carriers without Rapa were evaluated as controls, which had no influence on cell proliferation (**Figure [5](#F5){ref-type="fig"}b**).

FAF-Rapa demonstrates superior tumor growth suppression *in vivo* following SC administration
---------------------------------------------------------------------------------------------

With no difference observed in cell viability between the Rapa-loaded carriers *in vitro*, the drug\'s *in vivo* efficacy was compared using MDA-MB-468 orthotopic breast cancer xenografts in mice. To determine the minimum effective dose, a pilot dose-ranging study was first performed using tail vein administration (**Figure [S3](#SM0){ref-type="supplementary-material"}**). A dose escalation regimen of FAF-Rapa (0.025-0.75 mg Rapa/kg body weight) with PBS and an intermediate dose of FSI-Rapa (0.25 mg/kg) [@B24] was evaluated. Treatment groups responded differentially to the dose regimen. PBS treated mice showed increasing tumor volumes, at rates that varied between subjects (**Figure [S3](#SM0){ref-type="supplementary-material"} a**). Mice treated with FSI-Rapa at 0.25 mg/kg (**Figure [S3](#SM0){ref-type="supplementary-material"} b**) and FAF-Rapa at 0.025-0.25 mg/kg (**Figure [S3](#SM0){ref-type="supplementary-material"} c-e**) showed weak tumor suppression. Only the group treated with the high dose of FAF-Rapa at 0.75 mg/kg (**Figure [S3](#SM0){ref-type="supplementary-material"} f**) showed statistical significance compared to PBS (Tukey\'s post-hoc analysis, α = 0.05, p = 0.002) (**Figure [S3](#SM0){ref-type="supplementary-material"} g**). With similar efficacy observed between FSI and FAF formulations at 0.25 mg/kg, the dose-ranging study suggested that there is little difference in IV efficacy between the nanoparticle (FSI) and the soluble (FAF) architectures. Having identified that maximum tumor suppression occurs with FAF-Rapa at 0.75 mg/kg, this dose was then selected to compare free Rapa and Rapa-loaded carriers (FSI, FA and FAF) using SC administration (**Figure [6](#F6){ref-type="fig"}**).

The rationale behind exploring the SC administration is to identify opportunities for absorption from the site of injection into the systemic circulation. SC administration could for example be performed by patients at home, whereas IV administration requires more clinical expertise. SC administration is FDA-approved for monoclonal antibodies and other biotherapeutics including insulin [@B45]. In addition, there is a strong precedent for SC delivery of ELP fusions such as Glymera^TM^, a formulation that reached Phase IIB clinical status for Type II diabetes [@B46], [@B47]. Bioavailability through the SC route is governed by either direct diffusion into blood capillaries or through the drainage into the lymphatic system, which depends on particle size and surface charge [@B48]. Based on the differences in hydrodynamic radii and drug loading, the library of FKBP-ELPs (**Table [1](#T1){ref-type="table"}**) was compared to determine the optimal carrier to achieve tumor growth suppression following SC administration.

The comparative tumor regression study consisted of 5 groups: PBS, Free Rapa, FAF-Rapa, FA-Rapa, and FSI-Rapa, all at an equivalent dose of 0.75 mg/kg (n = 6-8 mice/ group). The injections were dosed SC in the right flank above the hind leg. The group treated with PBS exhibited a gradual increase in tumor volumes (**Figure [6](#F6){ref-type="fig"}a**). Groups treated with Free Rapa and FAF-Rapa showed strong tumor suppression (**Figure [6](#F6){ref-type="fig"} b, c**) relative to groups treated with FA-Rapa and FSI-Rapa (**Figure [6](#F6){ref-type="fig"} d, e**). FA-Rapa and FSI-Rapa treatments showed no statistical significance compared to PBS (Tukey\'s post-hoc analysis, α = 0.05, p = 0.095 and 0.38 respectively). Only the groups treated with free Rapa and FAF-Rapa demonstrated statistical significance compared to the PBS group (Tukey\'s post-hoc analysis, α = 0.05, p = 0.03 and 0.03 respectively) (**Figure [6](#F6){ref-type="fig"}f**). In addition to having lower tumor burdens, mice treated with free Rapa and FAF-Rapa had higher survival rates than FA-Rapa and FSI-Rapa groups (**Figure [6](#F6){ref-type="fig"}g**). Kaplan-Meier analysis was employed to distinguish the survival rates with a four-fold increase in tumor volume considered as the endpoint. Post-hoc log-rank tests comparing PBS with each of the four treatment groups revealed significant differences with Free Rapa and FAF-Rapa (Log-rank post-hoc analysis, α = 0.0125, p = 0.003 and 0.003 respectively). There was no decrease in body weight across all treatment groups, except for Free Rapa in the first week of treatment (**Figure [6](#F6){ref-type="fig"}h**). While it was not possible to distinguish statistical differences in tumor burden or survival directly between FAF and the FA and FSI formulations, the FAF-Rapa formulation exerted the strongest suppression of tumor growth with respect to PBS (**Figure [6](#F6){ref-type="fig"}f**). To further elucidate the relationship between SC absorption of FKBP-ELPs and tumor efficacy, the influence of carrier architecture on mTORC1-signaling, injection site toxicity, and bio-distribution was next evaluated in the same tumor xenograft model.

SC treatment with Rapa inhibits a downstream target of the AKT-mTORC1 axis in MDA-MB-468 solid tumors
-----------------------------------------------------------------------------------------------------

Due to the unexpectedly high stability (**Figure [4](#F4){ref-type="fig"}**) and superior SC efficacy of the FAF Berunda architecture (**Figure [6](#F6){ref-type="fig"}**), further pharmacological evidence was collected to confirm whether the drug can reach the tumor from the SC site of injection and act on a known molecular target of the mTORC1 pathway. Stimulation of cell surface receptor tyrosine kinases by growth factors is known to activate the PI3K-AKT-mTORC1 pathway in TNBCs, which activates and phosphorylates two major targets: p70 S6 Kinase 1 (p70 S6K1) and 4E-binding protein 1 (4E-BP1) [@B49]. Phosphorylation of p70 S6K1 further activates and phosphorylates downstream ribosomal S6 protein (rpS6), which plays a role in mRNA translation of proteins including elongation factors and ribosomal proteins. Phosphorylation of the other mTORC1 target 4E-BP1 facilitates cap dependent protein translation required for the G1-to-S phase transition of the cell cycle [@B32]. Treating MDA-MB-468 cells with Rapa *in vitro* has been previously shown to inhibit p-p70 S6K1 (Thr 389) and p-4E-BP1 (Ser 65) while strongly suppressing p-rpS6 (Ser 235/236) [@B50]-[@B52]. Based on this pharmacology, at the conclusion of the SC study tumor lysates were probed for p-p70 S6K1, p-4E-BP1 and p-rpS6 (**Figure [7](#F7){ref-type="fig"}**). At 24 h after the last SC dose, there was no significant decrease in the tumor level of p-p70 S6K1 and p-4E-BP1 (**Figure [7](#F7){ref-type="fig"}a**, **Figure [S4](#SM0){ref-type="supplementary-material"}**). In contrast, there was a significant decrease in p-rpS6 levels (**Figure [7](#F7){ref-type="fig"}b**) between PBS and free Rapa, FAF-Rapa, FA-Rapa and FSI-Rapa each (Tukey\'s post-hoc analysis, α = 0.05, p = 0.009, 0.035, 0.005 and 0.003 respectively). Similar to the results observed in the *in vitro* (**Figure [5](#F5){ref-type="fig"}a**) and SC *in vivo* (**Figure [6](#F6){ref-type="fig"}f**) studies, there was no statistical difference between the FKBP-ELP formulations, which suggests all the Rapa-loaded carriers equally suppress p-rpS6 levels.

The lack of a detected decrease in p-p70 S6K1 and p-4E-BP1 could be either due to treatment with a transient tumor exposure *in vivo* following a low dose (0.75 mg/kg) as compared to the constant exposure achieved for *in vitro* incubation [@B51]. It is plausible that p-p70 S6K1 and p-4E-BP1 levels recover during the 24 h between the last dose and tumor lysis. Despite this, the significant decrease in p-rpS6 level signifies that Rapa with or without FKBP-ELP can travel from a distal site of SC injection, presumably through systemic circulation, to exert its effect on an orthotopic solid tumor. Since all the treatments worked similarly in dephosphorylating rpS6, we then proceeded to study the relative toxicity and bio-distribution as a function of FKBP-ELP architecture.

Free Rapa treatment is toxic at the site of SC injection
--------------------------------------------------------

Even though SC administration of free Rapa without any carrier was efficacious in suppressing tumor growth and phosphorylation of rpS6, treatments were not equally tolerated at their injection site (**Figure [8](#F8){ref-type="fig"}**). Free Rapa was administered the first week in 100% DMSO, which was not tolerated and produced a small drop in BW. To continue the treatment, starting in the second week, the free Rapa control was instead solubilized using Cremophor-EL as a co-solvent [@B53], which proved to be tolerated by the mice resulting in a gradual gain of lost BW (**Figure [6](#F6){ref-type="fig"}h**). Free Rapa was formulated in DMSO: EtOH: Cremophor-EL: PBS in a 1:1:2:6 % v/v ratio. While the local bruising of free Rapa was less prominent, local edema persisted at each site of injection for one week after every SC injection. In contrast to free Rapa, all the FKBP-ELP formulations showed no external signs of redness or blistering throughout the duration of the study (**Figure [8](#F8){ref-type="fig"}b**). At the end of the SC study, all mice were euthanized and organs were evaluated for histopathology by Hematoxylin and Eosin (H & E) staining. Despite 50 days of treatment, there was no abnormal pathophysiology observed in any of the major organs (**Figure [S5](#SM0){ref-type="supplementary-material"}**), with the exception of the skin (**Figure [8](#F8){ref-type="fig"}a**). The skin section obtained after SC administration of free Rapa group displayed epidermis with focal hyperkeratosis, parakeratosis, and intraepidermal neutrophilic infiltrate with cellular debris. The underlying hair follicles were necrotic and the adipose tissue exhibited hemorrhage and neovascularization. In contrast, the epidermis in all the other treatment groups was intact with keratinizing squamous epithelium. The dermis was observed with connective tissue and sebaceous glands with numerous intact hair follicles. No evidence of inflammation or necrosis was identified with any of the Rapa loaded FKBP-ELP formulations. Though effective in solubilizing free Rapa and inhibiting tumor growth, the Cremophor-EL formulation produced severe toxicity at the site of injection. In contrast, all other sections from mice treated with drug-loaded FKBP-ELPs were devoid of local or systemic toxicity. This strengthens the argument that while free Rapa remains effective as a cytostatic agent, it cannot be administered SC without inducing toxicity; furthermore, suitable drug carriers must both improve its solubility, bioavailability and retain its relative cytostatic efficacy.

Soluble FA and FAF tumor accumulation is greater than FSI nanoparticles following SC administration
---------------------------------------------------------------------------------------------------

To explore the effect of ELP architecture on the SC bio-distribution of FKBP-ELPs, their uptake was tracked in xenograft mice by performing live optical imaging using a near infrared dye, Cyanine5.5 (Cy5.5). FA, FAF and FSI were covalently labelled with Cy5.5 using N-hydroxysuccinimide chemistry at a ratio of \~0.15 Cy5.5/protein (**Equation S8**) and an equivalent dose of 0.5 mg Cy5.5 / kg body weight was administered SC in the flank above the right hind leg (n = 4 mice/group). The *R~h~* of Cy5.5 labelled FKBP-ELPs was confirmed as stable prior to *in vivo* administration (**Figure [S6](#SM0){ref-type="supplementary-material"}**). *In vivo* fluorescence was monitored using whole body optical imaging for 48 h from both ventral and dorsal perspectives (**Figure [9](#F9){ref-type="fig"}, Figure [S7](#SM0){ref-type="supplementary-material"}**). For all three formulations, the injection site remained highly fluorescent during the entire duration of the study; which could be due to entrapment of carriers in the lymph nodes. However, FA and FAF moved away from the injection site more rapidly than did FSI nanoparticles (**Figure [S7](#SM0){ref-type="supplementary-material"}**). From the ventral perspective, fluorescence accumulation at both the tumor and site of injection were qualitatively visible (**Figure [9](#F9){ref-type="fig"}a**). For quantitative comparisons between organs too deep to view using this optical imaging modality, mice were euthanized at 48 h, organs were isolated, and scanned immediately for fluorescence. After correcting for the tissue auto fluorescence observed in control mice without Cy5.5 administration, FA and FAF showed high fluorescence in the kidney, liver, and tumor compared to FSI (**Figure [9](#F9){ref-type="fig"}b**). Tukey post-hoc comparisons were performed to test differences between treatment groups within each tissue (**Figure [9](#F9){ref-type="fig"}c**). The kidney accumulation of signal was significantly greater for FA and FAF than for FSI (α = 0.05, p = 0.0004, 0.005 respectively). Similarly, the liver accumulation was significantly greater for FA and FAF than for FSI (α = 0.05, p= 0.001, 0.0004 respectively). Matching the qualitative observations (**Figure [9](#F9){ref-type="fig"}a**), the tumor accumulation for FA and FAF were also significantly greater than for FSI (α = 0.05, p = 0.0004, 0.004 respectively). Taken together, these observations suggest that soluble FA and FAF yield greater accumulation in the tumor compared to the FSI nanoparticles, which is likely a combination of their more rapid absorption from the SC site of administration, differences in tumor permeability, and also differences in interaction with clearance organs. FA and FAF also exhibited significantly higher tumor localization in live mice at 24 h and 48 h compared to FSI nanoparticles (**Figure [9](#F9){ref-type="fig"}a**). To further understand the poor FSI bio-distribution observed with the SC administration, Cy5.5 modified FSI was injected intravenously and compared to its SC counterpart (**Figure [S8](#SM0){ref-type="supplementary-material"}**). FSI injected intravenously had significantly higher liver, tumor and spleen accumulation than the SC counterpart (Tukey\'s post hoc analysis, α = 0.05, p = 0.001, 0.008 and 0.01 respectively) that suggests longer systemic circulation and enhanced bio-distribution are due to higher bio-availability observed with intravenous administrations. There was no difference in kidney accumulation compared to SC injection, which suggests nanoparticles were cleared predominantly by the liver and spleen.

Absorption of biologics from SC injection into systemic circulation occurs either by direct uptake into blood capillaries or through the interstitium into lymphatic vessels [@B48]. Small peptides and proteins with particle sizes \<10 nm and MW ≤16 kDa are more easily taken up by diffusion into blood capillaries whereas high molecular weight protein therapeutics with particle sizes in the range of 10-100 nm are taken up by lymphatic vessels [@B54], [@B55]. FA/FAF and FSI are high molecular weight proteins with particle radii \~7 nm and 25 nm respectively (**Table [1](#T1){ref-type="table"}, Figure [2](#F2){ref-type="fig"}**). Even though all three FKBP-ELPs exhibit favorable characteristics for lymphatic uptake, FA and FAF owing to their smaller particle size exhibit more rapid absorption and thus greater tumor accumulation compared to FSI nanoparticles (**Figure [9](#F9){ref-type="fig"}a**). Curiously, these differences in tumor accumulation were not reflected by differences in p-rpS6 levels (**Figure [7](#F7){ref-type="fig"}b**). The lack of strong tumor accumulation by FSI with SC administration may suggest its delivery of Rapa by some other mechanism, such as through biodegradation inside macrophages along the lymph absorption pathway [@B56], [@B57]. While there is not enough evidence to point to a different mechanism between FA/FAF and FSI efficacy, the observations of higher tumor accumulation for FA/FAF are consistent with our previous report that soluble A192 ELP alone exhibits better tumor penetration and favorable pharmacokinetics compared to an ELP nanoparticle [@B33]. When Cy5.5 labeled FSI was injected IV, there was enhanced accumulation in liver and tumor compared to FSI injected SC, which is consistent with a reduced bioavailability of FSI during its transport along the lymph absorption pathway. Furthermore, despite the enhanced bio-distribution of FSI observed with IV administration (**Figure [S8](#SM0){ref-type="supplementary-material"} b, c**), the tumor and liver fluorescence was similar to that observed with FA and FAF injected SC (**Figure [9](#F9){ref-type="fig"} b, c**). This observation highlights the advantageous bio-distribution of soluble FA/FAF given SC, which was only matched by FSI when injected IV.

Taken together, these findings suggest that ELPs with soluble conformations (FA and FAF) behave similarly when administered SC and superior to ELPs that assemble nanoparticles (FSI). Increasing the number of ELP repeats beyond 192 pentamers may further extend the plasma half-life of soluble FKBP-ELP formulations due to a favorable increase in MW. In contrast, despite the poor SC bio-distribution of FSI, it retains its ability to suppress phosphorylation of tumor rpS6. All three carriers facilitated toxicity-free administration from an SC site. However, based on the fact that FAF efficacy was highest among the carriers, in addition to its higher drug-loading and long-duration stability, the sum of the data suggests that the Berunda FAF architecture is optimal for SC administration of Rapa. Future studies are required to clarify the differences in bioavailability, clearance, blood half-lives, tumor permeability, FKBP biodegradation, and to explore their fate during lymphatic absorption from an SC site of injection.

Rapa and its analogs are potent small molecule inhibitors of the AKT-mTORC1 pathway, which renders them excellent cytostatic drugs [@B15], [@B32]. Currently, there are three FDA approved rapalogues - Sirolimus, Temsirolimus and Everolimus. Sirolimus is formulated only for oral administration via liquid and solid formulations; however, its poor solubility yields low bioavailability with severe side effects [@B11], [@B13], [@B14]. Temsirolimus, an ester prodrug of sirolimus, is formulated as an ethanolic, non-aqueous IV infusion to overcome its poor solubility, which promotes dermatological and hypersensitivity reactions [@B17], [@B18]. Formulated as a solid tablet, Everolimus also has a low bioavailability and commonly causes dose-limiting side effects in the clinic [@B12], [@B18]. Not unlike chemotherapeutics such as doxorubicin and paclitaxel, the rapalogues are potent, effective drugs that can be further enhanced through better delivery strategies. To explore proteins as potential carriers, we previously reported that a recombinant fusion using FSI to carry Rapa suppresses xenograft tumor growth when administered IV, while reducing evidence of systemic toxicity. While IV administration overcomes low oral bioavailability, the rapalogues would clearly benefit from a parenteral route of self-administration such as SC. This manuscript further advances our approach by exploring a library of protein-polymer architectures to favor systemic drug absorption, tumor localization, and efficacy with SC administration.

Conclusion
==========

Three different architectures for FKBP-ELP fusions were compared for drug loading, binding thermodynamics, stability, *in vitro*, *in vivo* efficacy and bio-distribution in an orthotopic model of breast cancer. The soluble two-headed Berunda polypeptide (FAF) had significant advantages over a single-headed (FA) or a nanoparticle formulation (FSI). The Berunda polypeptide improved drug-loading capacity and formulation stability as shown by ITC, dialysis, and light scattering. When all three architectures were compared via SC administration at an equivalent dose, only free Rapa and FAF-Rapa showed statistical significance compared to PBS. Despite these differences, all formulations improved *in vitro* potency in comparison to free Rapa and all delivered pharmacologically detectable evidence for *in vivo* suppression of a downstream target of mTORC1. When toxicity was evaluated, free Rapa treatment produced significant necrosis at the site of injection compared to Rapa-loaded FKBP-ELP formulations, which is consistent with other literature demonstrating that free Rapa administration is often associated with dose-limiting toxicity. Molecular imaging confirmed that tumor accumulation of FA and FAF injected SC is significantly higher than for the nanoparticle FSI, which was matched only when FSI was administered IV. These comparisons suggest soluble ELPs (FA, FAF) are preferable to nanoparticles (FSI) for SC administration. While all three carriers maintained drug potency *in vitro*, the Berunda FAF formulation provides the best combination of increased drug loading, favorable drug binding interactions, enhanced formulation shelf-stability, *in vivo* tumor accumulation, and growth suppression. This strategy of fusing the FKBP domain to protein-polymers, such as an ELP, effectively opens up a range of interesting delivery options for rapalogues and other potent drugs.

Materials and Methods
=====================

ELP gene design and cloning
---------------------------

FA and FSI cloning was performed as previously described [@B58]. Cloning of FAF was done by fusing an FKBP gene in frame to the 3\' end of the gene for FA. To fuse another FKBP gene to the carboxy terminus, a new gene was synthesized on ampicillin-resistant pIDTsmart vector (Integrated DNA technologies, Coralville, IA) with three restriction cut sites: XbaI, BseRI and BamHI. This vector was designed such that the FKBP gene was flanked with cut sites for BseRI and BamHI with XbaI at the 5\' end and BamHI at the 3\' end of the oligonucleotide. The pIDTsmart vector was double digested with XbaI and BamHI and the FKBP gene was isolated by 1% agarose gel electrophoresis and purification (28-9034-70, GE Healthcare Life Sciences, Marlborough, MA). The FKBP gene was then ligated into a pET25b (+) vector (EMD Millipore, Billerica, MA) double digested with same set of XbaI and BamHI enzymes. In a second cloning step, the modified pET25b (+) vector containing the FKBP gene was double digested with BseRI and BssHII and gel purified. The appropriate fragment containing the FKBP gene was then ligated to the 3\' end of the gel purified FA gene, which was isolated from a pET25b (+) vector double digested by AcuI and BssHII. Restriction enzymes were purchased from New England Biolabs® Inc (Ipswich, MA). The in-frame amino acid sequence was confirmed by diagnostic digestion and DNA sequencing.

FKBP-ELP expression and purification
------------------------------------

The pET25b (+) vectors encoding genes for ELPs or FKBP-ELPs were transfected into BLR (DE3) *E. coli* competent cells (69053, EMD Millipore) and plated onto agar with 100 µg/mL ampicillin. A single colony was inoculated in 50 mL autoclaved terrific broth (TB) media (12105, Mo Bio Laboratories, Carlsbad, CA) supplemented with 100 µg/mL carbenicillin and grown overnight at 37 ºC in a shaker incubator. Starter cultures were then amplified in 3-4 L batches supplemented with 100 µg/mL carbenicillin and allowed to grow for 24 h at 37 ºC. Cell lysis was performed as previously described [@B58] and protein purification was performed using Inverse Transition Cycling [@B59]. Purified protein in Dulbecco\'s sterile PBS buffer (PBL01, Caisson labs, Smithfield, UT) was filtered using 200 nm sterile Acrodisc^®^ 25 mm filters (PN 4612, Pall Corporation, Port Washington, NY) and assayed for concentration using Beer Lambert\'s law:

Protein concentration (
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where *M* is molar concentration, A~280~ and A~350~ are absorbance at 280 and 350 nm respectively, *l* is the path length (cm) and *MEC* is the estimated molar extinction coefficient at 280 nm: 1285 M^-1^cm^-1^ for plain ELPs; 11585 M^-1^cm^-1^ for FA and FSI; and 20190 M^-1^cm^-1^ for FAF [@B60]. Final yields obtained were 50-60 mg/L.

FKBP-ELP physicochemical characterization
-----------------------------------------

The purified fusion proteins were characterized for physicochemical properties using SDS-PAGE, optical density, MALDI-TOF, dynamic light scattering (DLS) and size-exclusion chromatography - multi angle light scattering (SEC-MALS). The detailed procedures are explained in the supplemental methods.

Isothermal titration calorimetry of Rapa interactions with FKBP-ELPs
--------------------------------------------------------------------

The drug binding interactions between Rapa (R-5000, LC Laboratories Inc., Woburn, MA) and FKBP-ELPs were studied using ITC (**Figure [3](#F3){ref-type="fig"}**) on a MicroCal PEAQ ITC (Malvern Instruments Ltd, Worcestershire, United Kingdom). The reference cell of the calorimeter was filled with water and all binding studies were performed at 37 °C. Reverse titrations were performed with a fixed Rapa concentration in the calorimeter cell and FKBP-ELPs in the titration syringe. The drug and all the FKBP-ELPs were solubilized in the same buffer (2.4% v/v DMSO in PBS) to prevent background heat of release due to differences in buffer composition. Briefly, 300 µl of 8 µM Rapa was carefully loaded into the calorimeter cell and a titration syringe filled with 50 µM FAF or 100 µM FA/ FSI was injected (3 µl) into the calorimeter cell 12 times. The resulting isotherm was fitted to a \'one set of sites\' binding model in offset mode using the MicroCal PEAQ ITC analysis software (Malvern Instruments) to estimate affinity (*K~d~*), stoichiometry and thermodynamics (ΔH, ΔS and ΔG).

Drug retention and formulation stability using extended dialysis
----------------------------------------------------------------

Drug loading and formulation preparation for *in vivo* administration was performed as described in supplemental methods. To prevent non-specific binding of drug into the hydrophobic core of FSI nanoparticles [@B24] and to achieve a \~1:1 drug binding ratio of Rapa to FSI, drug loading was performed at room temperature for all FKBP-ELPs. 150 µM Rapa loaded FKBP-ELPs were dialyzed in 1:650 PBS sink conditions at 37 ºC using 20 kDa MWCO dialysis cassettes (87735, Thermo Fischer Scientific, Waltham, MA). PBS sink was supplemented with Penicillin-Streptomycin (30-002-CI, Corning^®^, Corning, NY) and buffer changes were performed 2x on day 1 and every 48 h thereafter. 100 µL aliquots were collected from the cassettes at fixed time intervals and were characterized for Rapa and FKBP-ELP concentrations at 280 nm using RP-HPLC. The assay was halted upon observation of turbidity. The data was fit by non-linear regression using a one-phase exponential decay model with values presented as mean ± SD with 95% CI (n = 3) (**Figure [4](#F4){ref-type="fig"} a-c**). Aliquots withdrawn were filtered using 200 nm sterile Acrodisc^®^ 13 mm filters (PN 4454, Pall Corporation) and evaluated for particle size at \~20-25 µM protein concentration using DLS at 37 °C (n ≥ 3). *R~h~* values for particle populations with greater than 90% by mass were reported as the dominant species (**Figure [4](#F4){ref-type="fig"} d-f**).

Cell proliferation assay
------------------------

Cell viability was evaluated using the 4-\[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio\]-1,3-benzene disulfonate (WST-1) assay (**Figure [5](#F5){ref-type="fig"}**). MDA-MB-468 cells (HTB-132, American Type Tissue Culture Collection, Manassas, VA) were cultured at 37 ºC with 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (DMEM)/F-12 media (DFL21, Caisson labs) supplemented with 10% v/v heat inactivated fetal bovine serum (FBS, 35-011-CV, Corning^®^). 3,000 cells in 100 µL media per well were seeded in 96 well flat bottom plates in triplicate. Cells were allowed to adhere for 24 h and media was replaced with fresh media followed by treatment with dilutions of complete media containing free Rapa, Rapa-loaded FKBP-ELPs and/or unloaded FKBP-ELPs. After incubation for 72 h, the WST-1 reagent was incubated with the cells for 3 h according to the manufacturers recommendations (11644807001, Sigma-Aldrich, St. Louis, MO). Tetrazolium conversion to formazan was monitored by absorbance at 440 nm after subtracting for a reference wavelength at 690 nm. The % maximal proliferation was calculated and plotted against Rapa or FKBP-ELP concentration using the following equation:
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where *A~treated~* is the corrected absorbance in the presence of Rapa and/or unloaded FKBP-ELPs, *A~untreated~* is the corrected absorbance of untreated cells, and *A~0~* is the corrected absorbance of media cultured without cells. The IC~50~ was determined using non-linear regression in three independent assays (n = 3, mean ± SD). A global one-way ANOVA revealed significant differences among the 4 Rapa-treatment groups (α = 0.05, p = 0.0004). Tukey-Kramer post-hoc analysis was then performed to test significance between the individual groups as reported in the results (**Figure [5](#F5){ref-type="fig"}a**).

Tumor regression studies
------------------------

All animal experiments were conducted as per the guidelines of the American Association of Laboratory Animal Care under approval by the USC Institutional Animal Care and Use Committee. MDA-MB-468 cells were screened for major mouse pathogens and human blood borne pathogens (Charles River) prior to implantation. Procedure for tumor implantation, analysis and IV study is provided in the supplemental methods. Mice were randomized into groups and SC treatment was started with a tumor size of 30-180 mm^3^. Tumor implanted mice were treated with 150-200 µL injections of PBS, Free Rapa (100% DMSO or DMSO: EtOH: Cremophor-EL: PBS in 1:1:2:6% v/v ratio), FAF-Rapa, FA-Rapa and FSI-Rapa all at a fixed dose of 0.75 mg/kg which amounts to 125 µM FSI or FA and 62.5 µM FAF in final injections (**Figure [6](#F6){ref-type="fig"}**). Cremophor-EL was purchased from Sigma-Aldrich (C5135). The study was analyzed by performing 1-way ANOVA on the log~10~ transformed tumor burden (Equation S4) by the last day of treatment, which showed significant differences among the five 5 groups (α = 0.05, p = 0.019). Tukey-Kramer post-hoc analysis was performed to test significance between the individual groups as reported in the results (**Figure [6](#F6){ref-type="fig"}f**). One mouse from the PBS group (M6) was euthanized on day 40 at the humane end point of 1000 mm^3^ tumor volume; therefore, the tumor growth determined on day 40 for M6 was used to calculate the tumor burden by the last day of treatment. For Kaplan-Meier survival analysis, the time to reach four times the initial volume (*f~i~* =4) was determined as the end point. The Log Rank (Mantel-Cox) test performed on the entire study revealed significant difference among the survival curves (α = 0.05, p = 0.002). Individual treatment groups were compared to the PBS treatment group using a Bonferroni correction (α = 0.05/4 comparisons = 0.0125) as reported in the results. Body weights are shown as mean ± SD (**Figure [6](#F6){ref-type="fig"}h**).

Protein extraction and tumor western blot analysis
--------------------------------------------------

24 h after the last SC *in vivo* treatment, mice were euthanized and excised tumors from all the groups were flash frozen in liquid nitrogen and stored at -80 °C until processing for western blotting. Tumors weighing more than 50 mg from each group (n = 4) were thawed in tissue protein extraction buffer (78510, Thermo Fischer Scientific) in the presence of protease inhibitor cocktail (P8340, Sigma-Aldrich) and phosphatase inhibitor cocktail II, III (P0044, P5726 respectively, Sigma-Aldrich). Tumor lysate was obtained by performing lysis in TriplePure zirconium prefilled tubes (D1032-30, Benchmark Scientific, Edison, NJ) using Beadblaster^TM^ 24 Microtube Homogenizer (D2400, Benchmark Scientific). Supernatant obtained by cold centrifugation (13000 RPM, 10 min, 4 ºC) of tumor lysate was quantified for total protein concentration using Pierce BCA protein assay kit (23227, Thermo Fischer Scientific). 80 µg total protein was used for quantification of mTORC1 downstream targets using western blot analysis as detailed in supplemental methods. Immunoblotting was performed with primary monoclonal antibodies for p-p70 S6K1, p-4E-BP1, p-rpS6 and GAPDH (**Figure [7](#F7){ref-type="fig"}a**). The results were analyzed by performing 1-way ANOVA on the normalized intensity levels of the 3 downstream targets, which showed a significant difference for only p-rpS6 between all the 5 treatment groups (α = 0.05, p = 0.002). Tukey-Kramer post-hoc analysis was then performed to test significance between the individual groups as reported in the results (**Figure [7](#F7){ref-type="fig"}b**).

Histopathological tissue examination of Rapa treated mice
---------------------------------------------------------

After 24 h from the last SC *in vivo* treatment, mice from all the groups were euthanized and major organs were collected for histopathological examination. Before euthanasia, mice were anaesthetized with 2% v/v isoflurane gas with oxygen for whole body blood perfusion. Heart, lungs, spleen, liver, kidney and skin were excised, and fixed in zinc formalin (5701ZF, Thermo Fischer Scientific) overnight before preserving in 70% ethanol. Appropriate size organ samples were then embedded in paraffin, sectioned in 5 µm thick tissue slices onto glass slides, and stained with hematoxylin and eosin (H & E). The H & E stained tissues were then studied under a microscope for histopathological changes analyzed by an unbiased blinded practicing pathologist (**Figure [8](#F8){ref-type="fig"}a, Figure [S5](#SM0){ref-type="supplementary-material"}**).

*In vivo* imaging of fluorescently labelled FKBP-ELPs
-----------------------------------------------------

FA, FAF and FSI were labeled covalently with near infrared dye Cyanine5.5 (Cy5.5) as described in supplemental methods. Tumor-implanted mice were anaesthetized with 2% v/v isoflurane gas with oxygen followed by IV or SC injections of \~0.5 mg/kg Cy5.5 (80 µM) labelled FKBP-ELPs (530 µM) through tail vein or subcutaneous injections in the right flank above the hind leg (n = 4 per group). Whole body dorsal and ventral scans were imaged using the IVIS optical spectrum (Perkin Elmer, Waltham, MA) at 0, 4, 24 and 48 h post injection using 1 sec exposure time and small binning (**Figure [9](#F9){ref-type="fig"}a, Figure [S7](#SM0){ref-type="supplementary-material"}-S8**). Excitation and emission filters for Cy5.5 were chosen to be 640 nm and 700 nm respectively. After 48 h, mice were euthanized and a small volume of blood was immediately withdrawn via cardiac puncture. The carcasses were then dissected and individual organs along with the blood withdrawn earlier were scanned for fluorescence (**Figure [9](#F9){ref-type="fig"}b, Figure [S8](#SM0){ref-type="supplementary-material"} b**). Images were analyzed using Living Image^®^ software (Perkin Elmer). Regions of Interest (ROI) were drawn on individual organs, and fluorescence from respective ROIs was quantified in Avg. radiant efficiency with units \[photons/sec/cm^2^/sr\] / \[µW/cm^2^\] and plotted after subtracting respective ROIs from control mice organs without Cy5.5 injections (**Figure [9](#F9){ref-type="fig"}c, Figure [S8](#SM0){ref-type="supplementary-material"} c**). For the SC study, results were analyzed by performing 1-way ANOVA on the log~10~ transformed Avg. radiant efficiency (n = 4, mean ± SD), which showed significant differences between all the 3 FKBP-ELPs in kidneys, liver and tumor (α = 0.05, p = 0.0004, 0.0003 and 0.0004 respectively). Tukey-Kramer post-hoc analysis was then performed to test significance between the carriers within each tissue as reported in the results (**Figure [9](#F9){ref-type="fig"}c**). For the IV study, results were analyzed by performing paired t-test on the log~10~ transformed Avg. radiant efficiency (n = 4, mean ± SD), which showed statistically significant differences between FSI_IV and FSI_SC groups in liver, tumor and spleen as shown in the results (**Figure [S8](#SM0){ref-type="supplementary-material"} c**).
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![**Optimization of FKBP-ELP architecture to enhance the stability and efficacy of Rapa delivery.** Rapalogues are potent cytostatic molecules with anti-cancer efficacy; however, their poor solubility limits their safety and efficacy by oral and IV delivery. This manuscript describes a new protein-based strategy to deliver Rapa via SC delivery using fusions between the FKBP protein and ELP (**Table [1](#T1){ref-type="table"}**). This side-by-side comparison evaluates soluble ELPs with one (FA) or two (FAF) drug binding domains with a nanoparticle ELP (FSI). While all three carriers can bind Rapa, reduce injection site toxicity, and suppress a human breast cancer xenograft (MDA-MB-468), the Berunda polypeptide named FAF performed best with respect to drug loading, drug retention, formulation stability, tumor efficacy and bio-distribution following SC administration.](thnov07p3856g001){#F1}

![**Physicochemical characterization of FKBP-ELP carriers.** (**a**) Copper-stained SDS-PAGE confirmed the identity and purity of all the constructs with single band corresponding to greater than 90% purity (**Table [1](#T1){ref-type="table"}**). Temperature-concentration phase diagrams of (**b**) ELPs with and without FKBP and (**c**) Rapa-loaded FKBP-ELPs measured by determining optical density at 350 nm. ELPs phase separate (A192, FA, FAF) above the transition temperature or assemble nanoparticles (SI, FSI) above the critical micelle temperature (CMT) as shown by the indicated model fits. (**d**) Hydrodynamic radii (*R~h~*) of ELPs shows nanoparticle assembly only for SI and FSI whereas A192, FA and FAF remain soluble at 37 °C (n = 3, mean ± SD). (**e**) All Rapa-loaded FKBP-ELPs maintain stable *R~h~* at 37 °C for 24 h (n = 3, mean ± SD).](thnov07p3856g002){#F2}

![**FAF has twice the drug loading capacity compared to FSI and FA.** Isothermal titration calorimetry was used to quantify the binding stoichiometry and thermodynamic parameters between Rapa (8 µM) in 2.4% v/v DMSO in PBS at 37 °C against increasing titrations of (**a**) FSI, (**b**) FA and (**c**) FAF. An inflection in the ELP/Rapa ratio was \~1 for FSI and FA and \~0.5 for FAF, which is roughly consistent with having 1 (FA, FSI) or 2 (FAF) FKBP domains per ELP. A representative data set is shown from n = 3 per group.](thnov07p3856g003){#F3}

![**The soluble architecture of FA and FAF enhance stability with extended drug retention compared to the FSI nanoparticle.** Dialysis was performed under PBS sink conditions at 37 °C to test drug retention and stability of FKBP-ELP formulations. (**a**) FSI-Rapa and (**b**) FA-Rapa formulations bound Rapa in \~1:1 ratio compared to (**c**) FAF-Rapa which bound drug in \~2:1 ratio as quantified by RP-HPLC. Values are presented as mean ± SD (n = 3 per group). DLS was performed at respective time points to study stability of Rapa-loaded FKBP-ELP formulations. (**d**) FSI-Rapa displayed a stable *R~h~* until 14 h after which its radius began to increase whereas (**e**) FA-Rapa and (**f**) FAF-Rapa formulations were stable for 2-4 weeks demonstrating extended stability, strong drug retention, and potential benefits to shelf-life (mean ± SD, n ≥ 3 per time point).](thnov07p3856g004){#F4}

![**Rapa-loaded FKBP-ELPs are more potent in inhibiting MDA-MB-468 proliferation compared to free Rapa. (a)** The inhibitory concentration corresponding to 50% suppression of proliferation, IC~50~, for FAF-Rapa, FA-Rapa, FSI-Rapa and free Rapa were determined by non-linear regression as 0.14 nM ± 0.05 nM, 0.08 nM ± 0.00 nM, 0.3 nM ± 0.2 nM and 0.84 nM ± 0.10 nM respectively (n = 3, mean ± SD). Tukey\'s post hoc analysis revealed statistically significant differences between free Rapa and FAF-Rapa, FA-Rapa and FSI-Rapa each (α = 0.05, p = 0.002, 0.0004 and 0.028 respectively) **(b)** Unloaded FKBP-ELPs had no effect on cell viability (n = 3, mean ± SD).](thnov07p3856g005){#F5}

![**FAF-Rapa outperforms other carriers in suppressing tumors when injected SC.** Athymic nude mice (n = 6-8 per group) with orthotopic 30-180 mm^3^ MDA-MB-468 tumors were treated three times a week SC with (**a**) PBS (**b**) Free Rapa (**c**) FAF-Rapa (**d**) FA-Rapa and (**e**) FSI-Rapa at 0.75 mg/kg dose. (**f**) Tumor burden (Equation S4) by day 50 (mean ± SD) was statistically significant for the comparisons between PBS and Free Rapa, FAF-Rapa each (Tukey\'s post-hoc analysis, α = 0.05, \*p = 0.03, ^○^p = 0.03 respectively). (**g**) Kaplan-Meier analysis shows Free Rapa and FAF-Rapa also had longer survival end points than the PBS treated control (Log-rank post-hoc analysis, α = 0.0125, p = 0.003 and 0.003 respectively). (**h**) There were no long-term trends in body weight (mean ± SD), except for the free Rapa group which recovered after a mild decrease in the first week of treatment.](thnov07p3856g006){#F6}

![**SC treatment with Rapa inhibits a downstream target of mTORC1.** (**a**) Tumor lysates probed for downstream targets of mTORC1 showed no significant inhibition in p-p70-S6K1 and p-4E-BP1 levels. However, there was a significant decrease in p-rpS6 levels in all treatment groups compared to PBS. A representative western blot is shown from n = 4 per group. (**b**) 1-way ANOVA on the normalized intensity levels (Equation S5) of p-rpS6 (n = 4, mean ± SD) showed a statistically significant decrease between PBS and Free Rapa, FAF-Rapa, FA-Rapa and FSI-Rapa each (Tukey post-hoc analysis, α = 0.05, \*\*p = 0.009, \*p = 0.035, °°p = 0.005, ^●●^p = 0.003 respectively).](thnov07p3856g007){#F7}

![**FKBP-ELP carrier protects against tissue necrosis during SC administration.** (**a**) After the conclusion of 50 days of SC treatment three times weekly at 0.75 mg/kg Rapa dose, skin sections from the most recent site of injection were excised, paraffin embedded, and evaluated for H & E histopathology. Free Rapa treatment was toxic at site of injection compared to Rapa-loaded FKBP-ELPs. Panels **i**, **ii**, **iii**, **iv**, and **v** are from a representative mouse treated with PBS, free Rapa, FAF-Rapa, FA-Rapa and FSI-Rapa respectively (n = 6-8). (**b**) The relative differences between the SC toxicity of these formulations at the site of injection was also externally evident on day 30 of this study.](thnov07p3856g008){#F8}

![**FA and FAF show high accumulation in tumor and clearance organs compared to FSI.** (**a**) MDA-MB-468 tumor implanted nude mice administered SC with Cy5.5 labeled FKBP-ELPs were imaged using IVIS Spectrum. FA and FAF show high tumor fluorescence at 24 h and 48 h compared to FSI. Tumor accumulation and site of injection are shown as indicated by arrows. A representative mouse scan in ventral position at 0, 4, 24 and 48 h is shown from each group of n = 4 mice. (**b**) Post 48 h whole body scan, mice were immediately euthanized and organs were scanned for fluorescence. A representative mouse is shown from each group of n = 4. (**c**) The fluorescence intensity in Avg. radiant efficiency (n = 4, mean ± SD) was quantified by drawing ROIs on all the organs. Tukey\'s multiple post hoc analysis reveals statistical significance between FA and FSI; FAF and FSI in kidneys, liver and tumor respectively (α = 0.05, \*\*\*p = 0.0004, \*\*p = 0.005, °°p = 0.001, °°°p = 0.0004, ^●●●^p = 0.0004, ^●●^p = 0.004).](thnov07p3856g009){#F9}

###### 

Physicochemical properties of ELP protein polymers with and without FKBP.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Label   ^a^Amino acid sequence                    ^b^MW\    ^c^MW\    ^d^Purity \[%\]   ^e^*R~h~* at   ^f^Temperature-concentration phase diagram               
                                                    \[kDa\]   \[kDa\]                                                                                             
  ------- ----------------------------------------- --------- --------- ----------------- -------------- -------------------------------------------- ----------- ------------
  SI      MG(VPGSG)~48~(VPGIG)~48~Y                 39.8      39.6      93.6              5.3 ± 1.6      22.9 ± 0.5                                   4.7 ± 0.9   34.9 ± 1.3

  FSI     M-[FKBP]{.ul}-G(VPGSG)~48~(VPGIG)~48~Y    51.6      51.6      94.5              6.1 ± 0.1      21.3 ± 0.6                                   3.5 ± 0.1   29.4 ± 0.2

  A192    MG(VPGAG)~192~Y                           73.6      73.3      94.3              6.9 ± 0.2      6.6 ± 0.0                                    8.4 ± 0.6   73.9 ± 0.9

  FA      M-[FKBP]{.ul}-G(VPGAG)~192~Y              85.4      85.0      98.5              8.4 ± 0.1      7.8 ± 0.4                                    2.5 ± 6.2   61.7 ± 8.9

  FAF     M-[FKBP]{.ul}-G(VPGAG)~192~-[FKBP]{.ul}   97.0      96.6      98.2              8.5 ± 0.6      7.9 ± 0.2                                    4.3 ± 0.7   63.6 ± 0.9
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^**[FKBP]{.ul}** amino acid sequence:

GVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLE[@B1]

^b^Expected MW based on amino acid sequence.

^c^Observed MW determined by running samples on MALDI-TOF.

^d^Purity was determined (**Equation S1**) using SDS-PAGE gel and densitometry analysis of the copper chloride stained gel using ImageJ.

^e^*R~h~*, hydrodynamic radius of 25 µM samples determined by Dynamic Light Scattering (n=3, mean ± SD).

^f^Phase diagrams for assembly (**Figure [2](#F2){ref-type="fig"} b, c**) were fit with **Equation S2**. Values represent mean ± 95% CI.

###### 

Thermodynamic parameters of FKBP-ELP interaction with Rapa.

  -----------------------------------------------------------------------------------------------------------------------------------------------
  Label   Binding stoichiometry,\   Dissociation constant,\   Enthalpy of binding, ΔH (kJ/mol)   -TΔS\        Gibbs free energy of binding, ΔG\
          FKBP-ELP / Rapa           *K~d~* (nM)                                                  (kJ/mol)     (kJ/mol)
  ------- ------------------------- ------------------------- ---------------------------------- ------------ -----------------------------------
  FSI     1.33 ± 0.33               6.05 ± 0.91               -38.8 ± 2.1                        10.0 ± 2.4   -48.8 ± 0.3

  FA      1.12 ± 0.08               7.18 ± 1.42               -57.6 ± 2.2                        9.2 ± 1.9    -48.4 ± 0.5

  FAF     0.58 ± 0.04               4.87 ± 1.48               -103.8 ± 2.9                       54.4 ± 3.2   -49.4 ± 0.3
  -----------------------------------------------------------------------------------------------------------------------------------------------

All experiments were performed at 37 °C. Binding isotherms were fitted to a \'one set of sites\' binding model to generate binding stoichiometry and thermodynamic parameters (n=3, mean ± SD).

[^1]: Competing Interests: J.P.D., S.P., and J.A.M are inventors on a patent describing subcutaneous delivery of small molecules using protein polymer fusions related to this work. All other authors declare no competing financial interests.
